Introduction
Ilmenite is one of the most important raw material to prepare pigment and titanium sponge. The ilmenite deposit in Panzhihua region, Sichuan Province of China accounts for 35% of the titanium resource in the world, and for approximately 92% in China. 1) Efficient utilization of the Panzhihua ilmenite resource is very important for production of metallic titanium and titanium containing compounds in China. Due to the high content of impurities in ilmenite, especially iron, it is necessary to refine to obtain titanium-rich materials.
2) The reduction of ilmenite is an important step in the titanium industry to decrease both the reagent consumption and the accumulation of waste material in the subsequent pigment making process.
3) However, the higher contents of MgO, CaO, SiO 2 and the complex mineralogy in ilmenite in Panzhihua region make its direct reduction progress more difficult. Many studiers have been conducted on the carbothermic reduction of Panzhihua ilmenite, and the results show that a sufficient high temperature such as 1 400-1 500°C is necessary to complete the reduction reaction and to remove amount of anosovite solid solution M 3 O 5 (MϭTi, Fe, Mg, Mn) and reduce rutile (Ti 3 O 5 ) are present in the reduced product. 4, 5) Microwave is a kind of electromagnetic wave, with frequency between 3ϫ10 8 Hz and 3ϫ10 11 Hz. Microwave radiation can penetrate and propagate through many dielectric materials, generate electric fields that induce the motion of free or bound charges; the resistance to these motions due to inertial, elastic and frictional forces causes heating of the material. Microwave processing of materials is a relatively new technology that provides alternative approaches for enhancing material properties. It provides several advantages through savings in energy, space and time, relieving the environmental impact of material processing and an opportunity to produce new materials and microstructures that cannot be achieved by other methods. In recent years, microwave heating has been applied successfully to several processes, especially in high temperature microwave processing materials or mineral treatment/extractive metallurgy such as material sintering, mineral assist-grinding, metal ore carbothermic reduction and so on. [6] [7] [8] Earlier studies reported good microwave absorbing characteristics and temperature rising behavior of ilmenite and oxidize ilmenite in a microwave field. [9] [10] [11] The microwave reduction of ilmenite has been conducted by several researchers. [12] [13] [14] They believe that the microwave has a big advantage for decreasing the reaction temperature and increasing the reaction rate. However, details of microwave on the reduction characteristics and enhancement mechanism of microwave irradiation on carbothermic reduction of oxidized ilmenite were not referred. In the present work, to clarify the reaction behaviors of Panzhihua oxidized ilmenite, the reduction of coke bearing oxidized ilmenite pellets in a microwave field was studied. Conventional reductions in an electric furnace were also processed to make a comparison. The phase transformation and morphology of reduction product were also observed and characterized. The reductions of Panzhihua coke bearing oxidized ilmenite pellets in a microwave field at the temperature ranging from 800 to 1 100°C were studied. The reduction of composite pellets by conventional heating at 900 to 1 200°C was also investigated as a comparison. A higher reduction reaction rate has obtained in the microwave field. Lower temperature and shorter time were demand for the microwave reduction of ilmenite due to the hotpots in the composite pellets inside the microwave field. The microwave irradiation has some special effect on phase and morphology change. The presence of crack and holes in composite pellets inside microwave field are beneficial due to the atmosphere diffusion and subsequent procedures such as separation of Fe metal and titanium oxide.
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Experimental

Raw Materials
In this experiment, ilmenite was supplied by a concentration plant in Panzhihua, Sichuan province, China. The chemical components and particle distribution analysis are presented in Tables 1 and 2. The TiO 2 grade is 38.36%, Major non-metal components are CaO, MgO and SiO 2 . In the ilmenite, the iron protoxide (FeO) content is much bigger than the ferric oxide (Fe 2 O 3 ) content. The raw material is a typical Rock-type low grade ilmenite. 15) About 85% of raw ilmenite particle are larger than 75 mm. Figure 1 gives the XRD pattern of ilmenite. It shows that the major phases of ilmenite raw materials are ilmenite (FeTiO 3 ) and augite (Ca (Mg, Fe, Al) (Si, Al) Si 2 O 6 ).
Coke used as a reductant in this work was supplied by coking plant of Kunming steel and iron Group, Yunnan, China. The industrial analysis is shown in Table 3 . One kind of organic cementing agent supplied by Kunming precious metal research institute was used as a binder.
Experimental Procedure 2.2.1. Oxidization Process
The oxidation of raw ilmenite was processed in microwave heating muffle furnace (MWHT, independent R&D) and conventional electric heating muffle furnace (FM11/FO410/FO510, Yamato Beijing Sales & Service Centre) under air atmosphere. The process temperature ranged from 800 to 1 000°C; and the holding time ranged from 15 to 30 min.
Composite Pellets Preparation
The oxidized ilmenite were mixed with coke in a dry type damp mill (XinYi Machine manufacture L.CO., Tangshan, Hebei), with the mixed powder all pass 75 mm (200 mesh). Then, spherical composite pellets of about 10 mm diameter were prepared using a pelletizer from a mixture of oxidized ilmenite, coke, organic cementing agent and water. The amount of coke used was determined by the fixed C : O ratio during reduce. The oxygen (O) atomic content of ferriferous oxides was calculated by stoichiometry. The C : O ratio is 1 : 1, and then a surplus coefficient 1.1-1.5 was multiplied to calculate the practical coke amount. In this experiment, the content of coke was of mass 10%. The content of organic cementing agent was of mass 3%. The wet composite pellets prepared were dried to a constant weight in an air oven at temperature 118°C before the reduction.
Reduction Process
Schematic illustration of the experimental apparatus is shown in Fig. 2 . Two microwave generators with 1.5 kW maximum power at 2.45 GHz were employed. Pellets were placed in a quartz tube in the middle of the cavity. Two thermo couples were used to measure the temperature of pellet and cavity reactor. The thermocouple placed inside insulating course is a protective one. When the temperature of insulating brick higher than a target defensive temperature, the apparatus will stop work and protect the magnetron. The thermocouple inside cavity resonator is placed at the space between pellets and touching pellet surface. If it occurs taht some tip arc phenomenon due to coupling between microwave and thermocouple test cap (temperature rising exceptionally), it needs adjusting the thermocouple position or make rotation. The temperatures studied in this work were measured using the latter one.
The control module analyzed the measured and settled temperature through numerical controller to adjust the power output. In each experiment the location of the pellet was exactly the same one inside of the cavity. N 2 with the flow rate of 1 L/min was employed as a protect gas during the reducing and cooling procedures. The experimental process can be observed from the viewport. The emissions were disposed during the experiment.
In order to study the progress of reaction, pellets were heated up to 800, 900, 1 000 and 1 100°C and holding for 10, 20, 40 and 60 min, respectively. For the purpose of understanding the carbothermic reduction characteristic of ilmenite in a microwave field, reductions of ilmenite in electric furnace were also processed to make a comparison. The experiments were conducted in a tube furnace, and this tube can be enclosed by tow latex plugs insides each head. Tow conduits across and inside latex plug were used as channel of N 2 protective atmosphere (1 L/min) and of emissions. The temperatures for conventional heating reduction were 900, 1 000, 1 100 and 1 200°C, and the holding time chosen were 2, 3, 4, 5 and 6 h.
Analysis and Characterization
The pellets cooled from high temperature were divided into two parts. One part was crushed and milled to below 75 mm for chemical and XRD analysis. The other was cut in half for the micro topography analysis.
The chemical analyses were conducted by Kunming Metallurgy Research institute. The XRD patterns of raw material and metalized pellets were detected with a Rigaku diffractmeter using Cu Ka radiation; the scanning angles was in the range from 10 to 90°(2q) at the speed of 1.2°/min. The BET surface areas were evaluated by nitrogen absorber (Quanta chrome USA, NOVA-3000NOVA2000). The microstructures of metalized pellets and reduction product were observed by scanning electron microscope (FEI Holland, Philip).
Results and Discussions
Oxidization of Ilmenite
The effect of heating way on the oxidation process was determined through measuring the microwave reduction iron metallization h Fe calculated by Eq. Where MFe (%) is the metallic iron of the reduced pellets; TFe (%) is the total iron. The microwave reduction conditions of oxidized pellets are: the temperature was 1 100°C; the holding time was 60 min; the N 2 protective atmosphere flow was 1 L/min, and the microwave reduction experimental results are shown in Table 4 . It can be found that a shorter time is required for the oxidization by microwave heating. However, the h Fe was lower than that by the conventional electric heating. Figure 3 gives the XRD pattern of the oxidized ilmenite. It shows that the ilmenite (FeTiO 3 ) was completely transferred to pseudobrookite (Fe 2 TiO 5 ) and hematite (Fe 2 O 3 ).
The oxidation process was considered to improve the reduction reaction because of the phases transformation and the structure loose. 16, 17) Figure 4 gives the BSE image of oxidized ilmenite. It shows that oxidation process can improve the dense microstructure of Panzhihua rock type ilmenite, and the oxidation reaction formulas are given by Eqs. (2) and (3). 18, 19) . Figure 5 shows the effect of temperature on the iron metallization by microwave heating. It can be seen that the temperature has a significant effect on the reducibility. At 1 100°C, a 91.47% h Fe was obtained 78.72% and 83% at 800 and 900°C, respectively, in 60 min holding time. The 90.04% h Fe obtained at 1 000°C was close to that at 1 100°C. It seems that the pellets can achieved a high reducibility at temperatures of 1 000-1 100°C. Figure 6 shows the conventional heating reduction result. After 2 h reduction, the metallization at different temperature are 36.65%, 69.54%, 78.35% and 80.34%, respectively. Comparison between the reduction results in Figs. 5 and 6 show that the reduction degree processed by conventional heating is much lower than that reduced by microwave at temperature 900-1 200°C. The conventional reducibility for 2 h is similar to the earlier research result conducted by Wang and Yuan. 20) Equations (4) to (8) show the chemical reactions occurrence during reduction. According to the chemical reaction thermodynamics, 19 ) the reaction (4) starts at about 900-950°C. Thus, at a low process temperature such as below 1 000°C, the reaction of Eq. (4) ing. Consider the carbon monoxide generation at a high temperature reduction stage and the rate controlling of ilmenite reduction. 20, 21) The reaction conducted by conventional heating needs much more higher temperature and longer process time. Prolonged holding time from 2 to 6 h, the metallization slowly increase to 64.64%, 77.8%, 85.6% and 93.67% respectively. It confirmes that the reduction rates are very slow at temperature 900-1 200°C by conventional heating. Another reason for the slow reduction reaction rate is the mineral characteristic of Panzhihua ilmenite. The complicated package mineral structure and high impurities content of MgO, SiO 2 increases the difficulty in reduction. The Mg 2ϩ replaces the Fe 2ϩ in the crystal lattice of FeTiO 3 and inhibits the reduction kinetics during reduction. 22, 23) Abundant anosovite solid solution (M 3 O 5 ) of Ti, Fe, Mg and O impurities lowered the thermodynamic activity of the iron. In general, the anosovite solid solution present at the temperature 1 000 to 1 100°C and stable at the temperature 1 200 to 1 250°C. The silica oxide also inhibits reduction due to the formation of fayalite during the reduction process which decreases the reactivity of the iron oxide.
Effect of Temperature
In the microwave field, it can be seen that the iron metallization quickly increases with holding time from 10 to 60 min; especially for 10 and 20 min, it increased from 11.44%, 25.53%, 35.35% and 48.62% to 50.34%, 52.8%, 67.5% and 70.55% at 800, 900, 1 000 and 1 100°C, respectively. The reaction happens at the temperature lower than the typical thermodynamics one and the reduction degree sharply increases with the temperature elevation and process time prolongs. The reaction would be promoted by the hot spots on the ilmenite pellets. 12, 24) Actually, the reduction of ilmenite was started at the first minute in microwave field. Ilmenite ore particle selective absorb microwave preferentially and then form an extreme high temperature reaction microdomain. Those reaction microdomain mentioned above were "hotspot". Flash on pellet surface were observed during experiment. The results of the experiment show the composite pellets have some high h Fe at 800°C, meaning a good reaction happened at relative low macroscopical temperature. Many reports referred the hotspot in microwave field. However, the temperature of hotspot can't measured by using conventional tool. But the occurrence of hotspot during experiment is unquestionable. The activation of micro particle such as atom, molecule and ions and reduction of the reaction activation energy by nothermal effect in microwave field also can accelerate the reduction reaction. [25] [26] [27] Figure 7 gives the XRD patterns of reduced ilmenite in microwave field. The pellets reduced at temperature 1 000 and 1 100°C contained the same phases including metallic iron (aFe), pseudobrookite ( is required for the high rate reduction of ilmenite pellet with carbon monoxide. However, the higher temperature caused the more stable M 3 O 5 presense.
Phases Transformation
As shown in Fig. 7 , the reduction happened on the hotspot inside ilmenite pellet in microwave field can explain the presence of pseudobrookite and M 3 O 5 at the temperature 1 000°C. Compared with the M 3 O 5 phase intensity of reduced products obtained by conventional and microwave heating, the molecule or atom oscillating acted as "molecule stirring" which can improve the ion removing activity in the microwave field.
28)
Morphology of Reduced Ilmenite
The microstructures of metalized pellets and reduction product were observed by scanning electron microscope. Figure 9 gives the microscopic morphology of pellets reduced by microwave heating. Massive holes and the crack distributed extensively inside the composite pellets, which © 2011 ISIJ originated from the thermal stress on interface of different phase or grain boundary caused by the selective heating of microwave. Because of the different physical property such as dielectric constant, heat capacity and thermal conductivity of a complex mineral, when heated, the microwave is selective absorbed by the high loss phase, inducing a huge temperature gradient on the interface of microwave absorption and transportation phase or on the grain boundary.
29)
The cracks induced by microwave selective heating in the reduced ilmenite pellets are similar to the earlier study of Chen. 30) By contrast, the microscopic morphology of pellets reduced by conventional heating is shown in Fig. 10 . It is obvious that no visible crack present inside the pellets, a compaction structure was observed in opposite. The BET surface area measurement results of raw ilmenite, ilmenite reduced by microwave and conventional heating are listed in Table 5 . The surface area increased from 15.25 to 16.64 m 2 /g after microwave irradiation. By contrast, the BET surface area was decreased with conventional heating. There are tow factors can affect the BET surface area test result. Firstly, the self-fluxing property of metalized pellets can reduce the surface area; secondly, the un-reacted coke enlargement the text results of reduced samples. The un-reacted cokes in reduced samples are about 1-3% of the total weight. The BET surface area of un-reacted coke is about 1-60 m 2 /g according to different test methods. 31, 32) So the un-reacted coke has little effect on the variation of reduced samples. For above reasons, one can consider that microwave irradiation affect the internal structure of ilmenite composite pellets in a certain degree. The present of crack and holes are beneficial due to the atmosphere diffusion and subsequent procedures such as separation of metallic iron and titanium oxide or leaching. 33) 
Conclusion
The experimental results obtained in the present study lead to the following conclusion:
(1) On oxidation at 800°C for 30 min, the ilmenite phases were transformed to pseudobrookite (Fe 2 TiO 5 ) and ferric oxide (Fe 2 O 3 ) completely.
(2) The reduction rates of oxidized ilmenite pellets in the microwave field were much higher than reduction by conventional heating. Lower temperature and shorter time were required for microwave reduction of ilmenite due to the hotspots inside the composite pellets in the microwave field.
(3) Fe 2 TiO 5 and M 3 O 5 are present in the XRD patterns of reduced ilmenite by both the heating methods. The microwave reduction can break the stability of M 3 O 5 solid solution in degree due to low temperature reaction and molecular vibration.
(4) Massive holes and the crack are distributed extensively inside the composite pellets in the microwave field due to the microwave selective heating. The presence of crack and holes are beneficial due to the atmosphere diffusion and subsequent procedures such as separation of Fe metal and titanium oxide or leaching.
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